We investigate the influence of a wire-based impedance-matching network for an axial-mode helical antenna on the radiation pattern. This network, proposed in our previous work, comprises a single wire attached to the helix. We show that the matching wire, mounted on a tubular dielectric support and attached to the helix close to the reflector, does not degrade the antenna radiation pattern. We also investigate limitations of the equivalent thin-wire model proposed in our previous work.
I. INTRODUCTION
HEN a high-gain circularly polarized antenna is required, an axial-mode helical antenna is one of the first choices [1] [2] [3] [4] . Although this antenna has been investigated for more than five decades, for most commonly used designs it is poorly matched to the standard  50 transmission lines.
However, a helical antenna can be relatively easily matched [4] [5] [6] [7] . In [8] we proposed an impedance-matching network for a helical antenna that comprises a single wire, which has a specific shape. In addition, we formulated an equivalent thin-wire model of the complete helix with the matching wire mounted on a tubular dielectric support, and analyzed the performance of the matching wire and the equivalent model by examining the antenna input reflection coefficient [8] . In the present work, we extend the analysis from [9] to investigate the influence of the matching wire on the radiation pattern of an axial-mode helical antenna. Moreover, we examine how accurately the equivalent model formulated in [8] predicts the antenna far-field behavior. Additionally, we critically examine the limitations of the equivalent thin-wire model of a helical antenna with the matching wire, and through an illustrative example we show that there are situations for which this equivalent model is not appropriate.
II. MATCHED HELICAL ANTENNA AND , as shown in Fig. 1(a . For the Cartesian coordinate system shown in Fig. 1(a) , the helix starts at 0  z and ends at mm 600   NH z . On both ends of the helix, the PVC tube is extended by mm 5 . 7 and a circular copper reflector of a radius mm
is placed at the bottom end of the PVC tube. The antenna is fed at its circumference by an SMA coaxial connector. The outer conductor of the SMA connector is connected to the copper reflector and the inner conductor of the SMA connector is connected to the beginning of the helix. The radius of the inner conductor of the SMA connector is mm 635 . 0 SMA  r and its height is mm 25
, as shown in Fig. 1(b) . The matching-wire bottom end is connected to the inner conductor of the SMA connector and its top end is connected to the first turn of the helical antenna by a vertical, short, straight wire, as shown in Fig. 1 
(a) and (b).
The helical antenna is matched by a single copper wire connected to the first turn of the helix, as shown in Fig. 1 (a) and (b). This matching network (matching wire), proposed in [8] , is made from the same copper wire as the helical antenna. This enables formulation of a computationally efficient and accurate equivalent model of the matched helical antenna, as demonstrated in [8] . As it will be shown in this work, when the matching wire is mounted downwards, it practically does not affect the antenna radiation pattern. Thus, it is possible to tune (and optimize) the antenna radiation pattern and reflection coefficient completely independently: first, the radiation pattern of the helical antenna without the matching wire is optimized, and thereafter the matching wire is included and tuned (optimized) for the desired reflection coefficient.
For the Cartesian coordinate system shown in Fig. 1(a) , the matching-wire axis is parameterized as [8] :
). In (1) the parameter max t determines the portion of the helix first turn occupied by the matching wire (e.g., for 1 max  t , the matching wire extends along one quarter of the first helix turn is shown in Fig. 1 (c). The two most popular methods for solving steady-state electromagnetic (EM) problems (e.g., antennas and scatterers in the frequency domain) are the finite element method (FEM) [10] and the method of moments (MoM) [11] . Each method, with its advantages and disadvantages, is generally able to model an arbitrary EM problem. On the other hand, due to limitations in computational resources (CPU speed and available memory), an increased complexity of the model can lead to extremely long simulation times. Alternatively, it may not be possible to execute the model on commonly available personal computers (PCs). One way to overcome these limitations is to form an efficient and accurate equivalent model. Instead of considering all details and phenomena explicitly in the original (complete) model, in an equivalent model we make simplifications, such that the equivalent model requires less computational resources while maintaining high accuracy.
Generally, each equivalent model has its own domain of validity. Based on assumptions introduced when forming the equivalent model, its domain of validity could be defined by the range of parameters for which starting assumptions are met and for which it gives results of satisfactory accuracy. On the other hand, if these assumptions are not met, the results of the equivalent model are unpredictable and usually inaccurate. Hence, in order to use an equivalent model properly, we must always keep in mind its limitations, as it will be discussed in Section IV.
For the equivalent model of the matched helical antenna, proposed in [8] and proved to be very efficient and accurate when modeling the antenna reflection coefficient, we will examine here its accuracy and efficiency when modeling the antenna radiation pattern.
Starting from the theory presented in [12] and in the manner described in [8] , we consider two-wire transmission lines (a) with and (b) without a PVC substrate, as depicted in Fig. 2 . The two-wire transmission line with the PVC substrate will be called "original", and the one without the PVC substrate will be called "equivalent". The conductors of the original two-wire transmission line are made from the same copper wires as the helix and the matching wire, and they lay on a mm 4
thick PVC substrate, equally thick as the wall of the PVC tube carrying the helical antenna. The width of the substrate is set to mm 40 10 s   t w , and the distance between the conductors of the two-wire transmission line is set to mm 400 10   w d [12] . Through the quasi-static analysis [13, 14] In order to be mutually equivalent, the transmission lines from Fig. 2 will be used when constructing the equivalent wire model of the matched helical antenna, as it will be shown in the next section. The removal of the PVC substrate from the equivalent two-wire transmission line model leads to the removal of the PVC tube in the equivalent wire model of the helical antenna.
As it will be shown in the next section, when the equivalent model of the matched helical antenna is coupled with the thin-wire approximation [18] , it leads to a drastic decrease in the model complexity (number of unknowns), which ultimately leads to dramatic reduction in the simulation time. On the other hand, when the equivalent thin-wire model is not used properly, it may lead to inaccurate analysis results.
It is important to note that in the thin-wire approximation it is assumed that: (i) wires are electrically thin (their diameter is much smaller than the wavelength in the surrounding medium), (ii) the radius of the wire curvature is much larger than the wire radius, and (iii) surfaces of two wire segments do not intersect [18] . In order to provide a highly accurate analysis, these assumptions should be met when forming the equivalent model of a matched helical antenna.
III. NUMERICAL RESULTS
We construct the equivalent wire model of the matched helical antenna in the WIPL-D Pro software [16] . The WIPL-D Pro solver is based on the MoM, and it uses the thin-wire approximation [18] for straight wire segments. Excluding the copper reflector and the point-generator, this model consists exclusively of equivalent wires (of radius eq r and with the added PUL inductance ' L  ) situated in a free space, without the PVC tube. It requires 2103 unknowns and the simulation time is 4 s per frequency point (when simulated on a modest PC). Using this model, we tune the matching-wire geometric parameters, so that the helical antenna is best matched (with respect to a  50 nominal impedance) in the vicinity of MHz 600 [8] .
In (1) we . These parameters will be used in all other numerical models in the rest of this paper. For this model, the absolutegain pattern [19] (in two main planes) at MHz 600 is shown in Fig. 3 , where it is denoted by "equivalent wire".
Next, we construct the complete model of the matched helical antenna in the ANSYS HFSS software [17] . This software is based on the full-wave FEM. In this model the influence of the PVC tube is included exactly (not through the equivalence). As this model does not contain any equivalences or approximations (apart from numerical discretization, common to all numerical techniques), when fully converged, it can be considered as the reference model. It requires 420929 unknowns and the simulation time is 8 min 14 s per frequency point when executed on the same PC. (Only the final adaptive pass is considered.) As it can be seen from Fig. 3 , the results for the "equivalent wire" WIPL-D model and for the "complete" HFSS model are in an excellent agreement. Thus, the equivalent wire WIPL-D model leads to a significant reduction in simulation time, without any noticeable loss of accuracy in the radiation pattern, as well as in the reflection coefficient [8] . Note that the complete full-wave MoM model with the explicit presence of the PVC tube, assembled in the WIPL-D Pro software, requires 34713 unknowns and the simulation time is 31 min 58 s per frequency point when executed on the same PC. For simplicity, these results are not shown. In order to determine the influence of the PVC tube on the radiation pattern of the matched helical antenna, we construct an incomplete wire WIPL-D model. We start from the equivalent wire WIPL-D model (with no PVC tube), reset the wire radius to r , and remove the PUL inductance ' L  . By doing this, we essentially neglect the influence of the PVC tube on the characteristics of the antenna. This model, as expected, requires the same number of unknowns and the same simulation time as the equivalent wire WIPL-D model (2103 unknowns and 4 s per frequency point, respectively). These results are denoted by "incomplete wire" in Fig. 3 . As it can be seen from Fig. 3 , these results significantly deviate from other results. Hence we conclude that in order to accurately calculate the radiation pattern of the matched helical antenna, the PVC tube must not be omitted from the model. Moreover, if an efficient model is needed, with a small number of unknowns and a short simulation time, the equivalent wire WIPL-D model is an excellent choice.
In order to determine the influence of the matching wire on the radiation pattern of the matched helical antenna, we construct the so-called "without matching" HFSS model. We start from the complete HFSS model and simply remove the matching wire. This model, as expected, requires closely the same number of unknowns and closely the same simulation time as the complete HFSS model. These results are denoted by "without matching" in Fig. 3 . As it can be seen from Fig. 3 , the matching wire practically does not influence the radiation pattern.
We additionally analyze the influence of the matching wire on the antenna radiation pattern. Namely, by employing the superposition in software [15] , we compare the fields radiated by the currents on the matching wire with those radiated by the currents of the helix. This comparison reveals that the radiation intensity of the helix is by dB 16 higher than that of the matching wire in the direction of the main lobe.
Based on these results, we conclude that when designing a helical antenna with a matching wire at its bottom, the absolute gain and the reflection coefficient can be optimized (or tuned) independently: first, the absolute gain of the antenna without the matching wire is optimized and thereafter the matching wire is included into the model and optimized for the desired reflection coefficient. Note that the matching wire significantly influences the reflection coefficient of the helical antenna [8] . Therefore, it significantly influences the realized gain [19] .
IV. LIMITATIONS OF THE EQUIVALENT THIN-WIRE
MODEL In this section we examine one of the limitations of the equivalent thin-wire model of the helical antenna with the matching wire. Based on theoretical considerations and numerical experiments, we show that the presented equivalent thin-wire model of a helical antenna with a matching wire is not appropriate for a dielectric carrier that has a high relative permittivity. Similar conclusions could be obtained for relatively thick dielectric carriers, but these results are not presented here for the purpose of conciseness.
For the original two-wire transmission line shown in Fig. 2(a) , through the quasi-static analysis [13, 14] , we calculate the PUL capacitance for the relative permittivity of the dielectric carrier ranging from 2 r   to 10 r   . These results are shown in Fig. 4 by the blue line with blue squares. As expected, the PUL capacitance increases with the increase in relative permittivity of the dielectric carrier.
Next, for the equivalent two-wire transmission line shown in Fig. 2(b [20] ( 0 c being the speed of light in a free space), and numerically (through the quasistatic analysis [13, 14] ), are shown in Fig. 4 by the red line and red triangles, respectively. These two sets of results are in a very good agreement, thus they can be used interchangeably for the presented example. C' eq =C' eq (r eq ) -Analytically C' eq =C' eq (r eq ) -Numerically
C'
eq (pF/m) r eq (mm) Fig. 4 The PUL capacitance of original two-wire transmission line from Fig. 2(a) vs. relative permittivity of the dielectric carrier (blue line with blue squares), and the PUL capacitance of the equivalent two-wire transmission line from Fig. 2(b) vs. equivalent wire radius (red line and red triangles). Combining the results from Fig. 4 , in Fig. 5 we plot the equivalent wire radius in the equivalent model as a function of the relative permittivity of the dielectric carrier ranging from 2 r   to 10 r   in the original model. As it is evident from Fig. 5 , a dielectric carrier with a higher relative permittivity leads to a larger radius of the equivalent wire in the equivalent model. In this example, the equivalent wire radius grows practically linearly with relative permittivity. For a high enough permittivity of the dielectric carrier, the radius of the equivalent wire can be so large that the assumptions (i) and (iii) from Section II for the thin-wire approximation are no longer met, as shown in the next example.
Consider As can be seen from Fig. 6 and as discussed in [8] , for dielectric carriers whose relative permittivity is not too high (e.g., 8 .
) the results obtained by the equivalent thinwire model and by the complete model are in an excellent agreement. Further, both sets of results are in a very good agreement with the prototype measurements. On the other hand, for the dielectric carriers with a higher relative permittivity (e.g., 10 r   ), the results obtained by the equivalent thin-wire model and by the complete model do not match. Hence, in this case the equivalent thin-wire model cannot be used for the efficient and accurate design of the helical antenna with the matching wire.
For numerical techniques which use straight wire segments [16] , in order to accurately approximate the curvature of the matching wire and the helix, we must use relatively short wire segments. For the equivalent model with a large radius of the equivalent wire, the length to radius ratio of wire segments can be small (wire segments can be stubby), which is challenging for modeling with the thin-wire approximation.
In the equivalent model of the matched helical antenna with a large radius of equivalent wires, some wire segments can significantly penetrate other wire segments, which is additionally challenging for modeling with the thin-wire approximation. A detail of the equivalent thin-wire model of matched helical antenna is shown in Fig. 7 . From that figure it can be seen how one stubby wire segment is significantly penetrating other stubby wire segment.
The rapid increase of radius of the equivalent wire with the increase of the permittivity of the dielectric support represents a significant limitation of the equivalent thinwire model of a helical antenna with a matching wire. Thus, its application must be limited to problems where the radius of the equivalent wire is not too large. This limitation can be bypassed using the method from [21] . In that method, a wire, coated with a dielectric layer, is treated by considering currents and charges that are located on the wire surface with an additional layer of charges located at the outer surface of the coating. However, in the available commercial software, only currents and charges located on the wire surface are involved in the thin-wire model. Hence, the application of the method from [21] requires writing a customized code. Fig. 7 Detail from the equivalent thin-wire model of a helical antenna with the matching wire. Part of the first turn of the helix with the matching wire is shown; one stubby wire segment which significantly penetrates other stubby wire segment is highlighted in yellow.
V. CONCLUSION
We examined the influence of the matching network (matching wire) on the radiation pattern of an axial-mode helical antenna. Based on the presented results, we conclude that the matching wire practically does not influence the radiation pattern and that the reflection coefficient and the radiation pattern of the helical antenna can be optimized (tuned) independently. This significantly simplifies the design process.
We investigated limitations of the equivalent thin-wire model of a helical antenna with the matching wire. Based on results presented here, we conclude that an equivalent thin-wire model of the helical antenna with the matching wire can be used for small to moderate permittivities of dielectric carriers.
